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servational	 biology,	 particularly	 in	 connection	 with	 specific	 global	
scenarios	involving	the	continuing	extinction	of	species,	as	well	as	the	
increasing	 threats	 posed	 by	 climate	 changes	 (Cardinale	 et	al.,	 2012;	
Loreau	et	al.,	2001;	Zhang	&	Chen,	2015).	Biodiversity	loss	may	lead	
to	changes	in	ecosystem	functions	such	as	productivity,	resilience,	and	



















diversity–ecosystem	 function	 relationships	 is	whether	 purely	 taxon-	
based	diversity	 indices,	which	neglect	 the	 function	dissimilarity	 and	
evolutionarily	 relatedness	 of	 species,	 such	 as	 species	 richness	 or	
Shannon	 Index,	 can	 appropriately	 assess	 the	 biodiversity	 of	 a	 com-





ing	 to	 the	 use	 of	 functional	 traits	 have	 been	put	 forward	 (Laliberté	
&	 Legendre,	 2010;	 Mokany	 et	al.,	 2008;	 Mouchet	 et	al.,	 2010).	





traits	 in	 a	plant	 community	 (Díaz	et	al.,	 2011;	 Laliberté	&	Legendre,	






Phylogenetic	diversity	 (PD)	 reflects	 the	evolutionary	history	of	a	
community	(Webb,	2000;	Webb,	Ackerly,	McPeek,	&	Donoghue,	2002).	
Previous	studies	have	suggested	that	the	PD	could	be	used	as	a	proxy	
of	 the	 FD,	 due	 to	 the	 hypothesis	 that	 evolutionary	 similarities	may	
generate	 similar	 traits	 (Cadotte	et	al.,	2008;	Liu,	Swenson,	Zhang,	&	
Ma,	2013;	Srivastava,	Cadotte,	MacDonald,	Marushia,	&	Mirotchnick,	
2012).	Moreover,	when	 compared	with	 FD,	which	 is	 based	 on	 a	 fi-
nite	set	of	 traits,	 the	expectation	 is	 that	the	PD	may	have	a	greater	
explanatory	power.	This	is	due	to	the	fact	that	the	PD	potentially	in-
tegrates	a	greater	amount	of	trait	information	and	represents	a	more	




understanding	 of	 the	 biodiversity	 and	 ecosystem	 function	 relation-
ships	when	compared	with	species-	based	approaches.	Although	this	
conclusion	may	 be	 largely	 based	 on	 the	 type	 of	 ecosystems	where	
component	 species	 are	 functionally	 (and/or	phylogenetically)	 similar	
or	far	apart,	and	opposite	results	have	also	been	found	(Venail	et	al.,	
2015).
Productivity	 and	 biomass	 are	 often	 used	 interchangeably	 in	 the	
grassland	communities.	However,	in	forest	communities,	biomass	and	
productivity	 are	distinctly	 different	 and	 should	 therefore	be	 treated	


















methods	 to	 evaluate	 these	 relationships.	 Structural	 equation	model	









variables,	 and	 visually	 intuitive	 representation	 of	 networks	 among	
ecological	factors	(Lamb	et	al.,	2014).	According	to	a	study	which	was	
carried	out	in	1,126	grassland	plots	spanning	five	continents,	the	SEM	
showed	 a	 higher	 explanatory	 power	 than	 bivariate	 analyses	 (Grace	
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et	al.,	2016).	It	 is	not	surprising	that	the	bivariate	analyses	produced	
different	results,	as	SEM	differs	from	bivariate	analyses	 in	theorized	
cause–effect	 relationships	 among	multiple	 processes	 and	when	 the	
true	 causal	 pathways	 are	more	 complex,	 bivariate	 analyses	may	 be	
misleading.	 Based	 on	 these	 findings,	 SEM	 has	 the	 potential	 to	 do	
better	at	disentangling	the	complex	relationships	of	biodiversity	and	
productivity.












the	 environmental	 variation.	 Environmental	 conditions	 can	 strongly	
influence	the	availabilities	of	water,	light,	and	soil	nutrients	which	are	
essential	 for	 plant	 growth.	 Environmental	 conditions	 are	 known	 to	
regulate	 plant	 traits	 and	biodiversity	 patterns,	 as	well	 as	 ecosystem	
productivity	(Liu,	Yunhong,	&	Slik,	2014;	Zhang,	Zhao,	Zhao,	&	Gadow,	
2012).	 In	brief,	environmental	conditions	have	been	proposed	to	be	
















maturity.	 The	 observations	 of	 a	 21.12	ha	 stem-	mapped	 permanent	
forest	plot	in	northeastern	China	were	used,	including	the	information	




lowing	 questions:	 (i)	 Which	 facets	 of	 biodiversity	 (species,	 phylo-
genetic,	 and	 functional	 diversity)	 have	 the	 greatest	 effect	 on	 forest	 
productivity?	 (ii)	How	do	the	relationships	between	biodiversity	and	
productivity	vary	with	the	spatial	scale?	and	(iii)	How	are	these	rela-
tionships	 affected	 by	 the	 abiotic	 and	 biotic	 factors,	 specifically,	 the	
topographic	variables	and	the	initial	stand	biomass	(or	volume)?
2  | MATERIALS AND METHODS
2.1 | Study area and dataset
The	 study	 site	 is	 situated	 in	 the	 Jiaohe	 Management	 Bureau	 of	
the	Forest	Experimental	Zone	in	the	Jilin	Province	of	northeastern	
China	 (43°57.897′–43°58.263′N,	 127°42.789′–127°43.310′E;	
Figure	 S1).	 The	 mean	 annual	 temperature	 in	 this	 area	 is	 3.8°;	
the	 average	monthly	 temperature	 ranges	 from	 −18.6°	 in	 January	
to	 21.7°	 in	 July.	 The	 mean	 annual	 precipitation	 is	 695.9	mm.	 A	
permanent	forest	observational	study	covering	an	area	of	21.12	ha	
(660	×	320	m)	 was	 established	 during	 the	 summer	 of	 2009.	 The	
last	recorded	tree	harvesting	activities	of	this	study	plot	took	place	
more	 than	 50	years	 ago,	 and	 now,	 it	 represents	 a	 middle-	to-	late	
stage	 of	 succession	 (Wang	 et	al.,	 2016).	 The	 vegetation	 type	 is	 a	
mixed	 broadleaf–conifer	 temperate	 forest.	 The	 dominant	 species	







and	 forest	 productivity	 along	 an	 environmental	 gradient	 at	 differ-
ent	 spatial	 scales,	 the	 study	area	was	 subdivided	 into	quadrats	of	
different	sizes	(20	×	20	m;	40	×	40	m;	and	60	×	60	m),	and	none	of	
the	 quadrats	 overlapped.	 Four	 topographic	 attributes	were	 calcu-
lated	for	each	quadrat	of	the	different	cell	sizes:	elevation,	convex-
ity,	slope,	and	aspect.	The	relative	heights	at	the	four	corner	nodes	
of	each	of	 the	20	×	20	m	quadrats,	as	well	as	 the	elevation	of	 the	


















in	the	first	census,	were	 included	 in	the	analysis.	The	DBH	 lower	
limit	was	used	as	the	plants	above	5	cm	DBH	were	responsible	for	
almost	 all	 of	 the	 biomass,	 volume,	 and	 productivity.	 Altogether,	























2.3 | Functional traits and biodiversity measures
In	 this	 study,	 taxonomic,	 functional,	 and	 phylogenetic	 diversity	 are	
used	 to	 evaluate	 specific	 biodiversity–productivity	 relationships.	
Taxonomic	diversity	 is	 expressed	by	 the	Shannon	 Index.	Functional	
diversity	is	measured	by	a	distance-	based	functional	diversity	index:	
functional	 dispersion	 (FDis),	 which	 could	 take	 account	 of	 the	 rela-
tive	 abundances	 of	 the	 species	 (Laliberté	&	 Legendre,	 2010).	A	 set	
of	plant	traits	that	have	been	suggested	to	have	great	functional	sig-
nificance	for	plant	growth	and	have	been	expected	to	linked	with	for-
est	 productivity	were	measured	 (Chiang	 et	al.,	 2016;	 Finegan	 et	al.,	
2015;	Liu	et	al.,	2013;	Sande	et	al.,	2017).	The	traits	include	an	archi-
tectural	 trait	 (maximum	height),	 a	 stem	trait	 (wood	density),	 and	six	
leaf	 traits:	 leaf	 area,	 specific	 leaf	 area,	 leaf	dry	matter	 content,	 leaf	
carbon	concentration,	 leaf	nitrogen	concentration,	and	 leaf	carbon–
nitrogen	ratio	 (Table	1).	All	functional	traits	were	determined	for	32	
woody	 species.	 Maximum	 height	 was	 measured	 using	 an	 altimeter	
pole	together	with	a	laser	telemeter	(TruPulse360,	Laser	Technology	
Inc.,	USA).	Wood	and	 leaf	 traits	were	collected	 from	10	 to	30	 indi-
viduals	for	each	species.	Wood	cores	were	extracted	from	the	cortex	
to	the	pith	at	1.3	m	height	using	an	increment	borer	(5	mm,	Suunto,	
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Leaf	carbon–nitrogen	ratios	were	calculated	by	dividing	the	leaf	car-

















using	 an	 informatics	 tool	 named	 Phylomatic.	 Phylomatic	 utilizes	 the	
phylogeny	of	Angiosperm	Phylogeny	Group	III	as	a	backbone	(Webb	&	
Donoghue,	2005).	The	branch	 lengths	were	estimated	for	 this	 “super-	
tree”	based	on	 the	 time	of	 the	angiosperm-	wide	divergence.	Undated	




















porating	 the	 four	 variables	 elevation,	 convexity,	 slope,	 and	 aspect.	















ized	 root	mean	 square	 residual	 (SRMR),	 as	 recommended	 by	Hoyle	


























The	 SEMs	 for	 the	 complex	 relationships	 between	 the	 biodiversity	
and	 productivity	 conformed	well	 to	 the	 observations	 (CFI	=	0.936–
1.000;	SRMR	=	0.025–0.066),	as	shown	in	Figure	4.	At	the	20	×	20	m	
scale,	 45%	of	 the	 variation	 in	 the	ΔAGB	was	 accounted	 for	 by	 the	
explanatory	 variables	 (Figure	4a).	 Among	 the	 three	 components	




standardized	 path	 coefficient	 showed	 the	 largest	 value	 (r	=	.71)	 in	
this	specific	SEM.	At	the	same	spatial	scale,	24%	of	the	variation	 in	
the	AGB	 could	 be	 explained	 by	 the	 biodiversity	 and	 environmental	
conditions.	 The	 PD	 and	 FDis	were	 found	 to	 have	 significant	 direct	



















Therefore,	 in	 this	model,	 based	 on	 the	 reasons	 outlined	 above,	 the	
Shannon	was	able	to	exert	an	 indirect	 impact	on	ΔVOL	through	the	
VOL	 (r	=	−.09).	However,	 its	 indirect	 impact	which	was	mediated	by	




of	 the	ΔAGB	model.	Table	2	presents	more	detailed	 information	 re-
garding	the	direct	and	indirect	effects	of	the	explanatory	variables	on	
forest	productivity.
At	 the	 two	 larger	 spatial	 scales,	 although	 the	 SEMs	 also	 were	
well	 supported	 by	 the	 data,	 the	 biodiversity–productivity	 relation-

























were	 compared,	 revealing	 several	 differences	 (Figures	 S6;	 S7;	 S8;	
and	S9).	At	the	20	×	20	m	scale,	the	bivariate	relationships	showed	
that the ΔVOL	increased	with	Shannon	(Figure	S7),	while	this	ten-






standardized	path	coefficients	with	corresponding	statistical	significance	(***p < .001;	**p < .01;	*p < .05;	ns,	nonsignificant).	The	line	width	
is	proportional	to	the	standardized	path	coefficient.	The	values	of	R2	represent	the	percentage	of	the	response	variations	explained	by	the	
observed	variable.	The	variable	abbreviations	are	the	same	as	shown	in	Figure	3
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40	×	40	m	scale,	the	effect	of	the	PD	on	the	ΔAGB	was	significantly	
positive	in	SEM	(Table	2),	while	in	the	bivariate	analyses,	there	was	





components	 of	 biodiversity,	 simultaneously	 including	 the	 effects	 of	
environmental	conditions	and	stand	maturity	at	varying	spatial	scales.	
















that	 there	 was	 no	 obviously	 direct	 connection	 between	 the	 PD	 and	




















&	 Legendre,	 2010).	 Positive	 relationships	 between	 biodiversity	 and	
productivity	were	 detected	 in	 our	 research,	which	 supports	 the	 hy-






20 × 20 m 40 × 40 m 60 × 60 m 20 × 20 m 40 × 40 m 60 × 60 m
ENV Direct −0.176 −0.358 −0.372 −0.219 −0.399 −0.483
Indirect	through	
Shannon
0.015 0.007 0.048 −0.005 −0.038 0.014
Indirect	through	PD 0.015 0.007 0.042 0.008 0.003 0.070
Indirect	through	FDis −0.015 −0.011 −0.008 −0.031 −0.036 −0.046
Indirect	through	AGB	
or	VOL
0.235 0.240 0.216 0.256 0.392 0.277
Total 0.074 −0.115 −0.074 −0.011 −0.077 −0.168
Shannon Direct −0.043 −0.017 −0.109 0.014 0.083 −0.030
Indirect	through	PD 0.064 0.036 0.099 0.038 0.014 0.164
Indirect	through	FDis 0.041 0.030 0.014 0.085 0.096 0.074
Indirect	through	AGB	
or	VOL
−0.043 −0.062 0.083 −0.089 −0.091 0.017
Total 0.019 −0.012 0.086 0.049 0.102 0.225
PD Direct 0.103 0.074 0.183 0.061 0.027 0.301
Indirect	through	AGB	
or	VOL
0.208 0.120 −0.058 0.190 0.078 −0.003
Total 0.311 0.194 0.125 0.251 0.105 0.298
FDis Direct 0.110 0.077 0.035 0.232 0.250 0.190
Indirect	through	AGB	
or	VOL
−0.181 −0.261 −0.459 −0.048 −0.057 −0.226
Total −0.071 −0.189 −0.423 0.183 0.193 −0.075
VOL Direct 0.707 0.742 0.884 0.584 0.670 0.670
The	standardized	coefficients	in	bold	fonts	mean	that	the	effects	are	significant	at	the	level	of	0.05.	The	variable	abbreviations	are	the	same	as	shown	in	
Figure	3.








with	 increasing	 quadrat	 size,	 the	 proportion	 of	 species	with	 similar	
functional	 traits	 increases,	 resulting	 in	 greater	 functional	 overlap	 or	
functional	redundancy	(Dalerum,	Cameron,	Kunkel,	&	Somers,	2012;	
Loreau,	2004).	Functional	redundancy	refers	to	different	species	hav-














































































more	 difficult	 to	 obtain	 than	 estimates	 of	 volume,	 especially	 at	 large	








ductivity	 relationships	 are	 scale-	dependent.	 The	 positive	 role	 of	
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